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BACKGROUND AND PURPOSE
Andrographolide is the most active constituent of the medicinal plant Andrographis paniculata. Previously, we synthesized a
novel andrographolide derivative AL-1, conjugating andrographolide with lipoic acid. Although the antioxidative and/or
anti-inflammatory activity of AL-1 contributes to its cytoprotective effects, whether AL-1 can improve insulin resistance and
the mechanisms responsible for its action have not been elucidated.

EXPERIMENTAL APPROACH
We investigated the anti-hyperlipidaemic and anti-hyperglycaemic effects of AL-1 in a high-fat diet/streptozocin-induced
animal diabetic model. In addition, we investigated the effect of AL-1 on the NF-κB signalling pathway in rat islet derived
insulinoma cells (RIN-m cells) with a focus on the link between reactive oxygen species-associated inflammation and insulin
resistance.

KEY RESULTS
AL-1, at doses of 40 and 80 mg·kg−1, had a significant hypoglycaemic effect; it significantly reduced the level of cholesterol
and increased HDL. AL-1 also reduced the homeostasis model assessment of insulin resistance and enhanced insulin sensitivity.
In addition, AL-1 improved the morphology of pancreatic islets and their function. Furthermore, AL-1 suppressed high
glucose-induced phosphorylation of p65 and IκBα in RIN-m cells.

CONCLUSION AND IMPLICATIONS
AL-1 has a hypoglycaemic effect and improves insulin resistance in type 2 diabetic rats. It protected islet from high
glucose-induced oxidative damage by down-regulating the NF-κB signalling pathway. Further investigations of AL-1 as a
promising new agent for treatment and/or prevention of diabetes are warranted.

Abbreviations
HOMA-IR, homeostasis model assessment of insulin resistance; ISI, insulin sensitivity index; STZ, streptozocin
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Introduction

Diabetes is one of the major and common public health
problems today. According to the statistics data of the Inter-
national Diabetes Federation, the number of people with
diabetes was 366 000 000 in 2011, which will grow to
552 000 000 in 2030 all over the world (Zimmet et al., 2001).
Diabetes mellitus is classified into two major categories: type
1 diabetes mellitus (T1DM), which is caused by complete
insulin desensitization and deletion of pancreatic β-cell func-
tion, and type 2 diabetes mellitus (T2DM) whose causes are
both genetic and environmental (Shaw et al., 2010). The
main causes of type 2 diabetes are insulin resistance and
pancreatic β-cell dysfunction characterized by carbohydrate
metabolic and lipid metabolism disorders (West, 2000; Liu
et al., 2013).

Reactive oxygen species (ROS) are one of the main con-
cerns in diabetes over the years (West, 2000; Aruoma et al.,
2006). ROS can directly damage islet β-cells leading to β-cell
apoptosis and reduction of β-cell mass (Hou et al., 2008).
NF-κB, an important nucleus transcriptional factor, is
involved in the production of pro-inflammatory proteins and
plays a pivotal role in inflammation and oxidative stress (Wei
et al., 2008; Remels et al., 2009). In the inactivation state,
NF-κB combines with the inhibitory cytoplasmic protein IκB.
Once activated, the p50/p65 subunits of NF-κB are transferred
into the nucleus to boost the expression of inflammatory
proteins, following the occurrence of inflammation and oxi-
dative stress.

Andrographolide (Andro) is a traditional drug in Chinese
medicine. A large body of literature has reported that Andro
has beneficial effects in diseases related to inflammation and
oxidative stress, such as diarrhoea, rheumatoid arthritis and
laryngitis (Chiou et al., 2000; Lu et al., 2012). Andro has both
hyperlipidaemia and hyperglycaemia lowering effects. Andro
reduces serum cholesterol, triglycerides and LDL-cholesterol in
hypercholesterolaemic patients and high-fat diet-fed animals
(Reyes et al., 2006; Nugroho et al., 2013). Andro attenuates
oxidative stress through inhibition of the activation of the
NF-κB signalling pathway and a post-transcriptional mecha-
nism (Chen et al., 2013; Zhu et al., 2013a). We had previously
synthesized a novel Andro derivative AL-1, conjugating Andro
with lipoic acid (Jiang et al., 2009). Although the antioxidative
and/or anti-inflammatory activity of AL-1 contributes to its
cytoprotective effects (Yan et al., 2013; Zhu et al., 2013b), the
effect of AL-1 on insulin resistance and the mechanisms
responsible for its action have not been elucidated to date. In
the present study, we investigated the effect of AL-1 on hyper-
lipidaemia and hyperglycaemia in a high-fat diet/streptozocin

(STZ)-induced animal diabetic model. Since oxidative stress
and inflammation play a pivotal role in the initiation of
insulin resistance, we investigated the effect of AL-1 on the
NF-κB signalling pathway in rat islet derived insulinoma cells
(RIN-m cells) with a focus on the link between ROS-associated
inflammation and insulin resistance.

Methods

Animals and study design
All animal welfare and experimental procedures were in strict
accordance with the Research Ethics Committee of Jinan
University. All studies involving animals are reported in
accordance with the ARRIVE guidelines for reporting experi-
ments involving animals (Kilkenny et al., 2010; McGrath
et al., 2010). A total of 110 animals were used in the experi-
ments described here.

Specific pathogen-free, male Sprague-Dawley rats (aged
6–8 weeks) were purchased from the Animal Research Centre
of Jinan University (Guangzhou, China). The rats were kept
in a temperature-controlled room with 12 h dark/light cycles,
and were allowed free food and water ad libitum. All rats were
randomly divided into two groups: control group (group I)
served as non-diabetic controls receiving a normal chow diet;
and the challenge group were fed a high-fat diet ad libitum for
a period of 8 weeks. In order to develop type 2 diabetes, the
challenge group was subjected to an overnight fast and
received a dose of STZ (35 mg·kg−1 in 0.1 M citrate buffer, pH
4.4) i.p., while group I was given vehicle citrate buffer (pH
4.4) i.p. The formation of type 2 diabetes was confirmed by
measuring fasting serum glucose levels with a glucometer 7
days after the STZ injection. Rats with fasting blood glucose ≥
11.1 mmol·L−1 were considered to be diabetic. The challenge
group was randomly divided into six groups of 10 animals
each. Group II diabetic rats given high-fat diet served as
diabetic model rats. Group III-V diabetic rats were treated
with AL-1 at a dose of 20, 40 and 80 mg·kg−1 respectively.
Group VI diabetic rats were treated with Andro at a dose of
50 mg·kg−1 (equal molar dose to 80 mg·kg−1 of AL-1). Group
VII diabetic rats were treated with glibenclamide at a dose of
1.2 mg·kg−1 for 4 weeks. The blood glucose levels of the rats
were monitored at 2 and 4 weeks after STZ injection. The
blood glucose levels were measured using an auto analyser
(Roche Diagnostics GmbH, Penzberg, Germany).

Cell culture
RIN-m cells were maintained in RPMI-1640 medium with
L-glutamine supplemented with 10% FBS (Gibco), 100 U mL−1
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penicillin and 100 μg·mL−1 streptomycin in a humidified
atmosphere of 5% CO2 at 37°C.

Biochemical analysis of blood
The rats were killed under deep anaesthesia by isoflurane
inhalation. The blood was taken from the abdominal aorta
via syringes and prepared for measurement of insulin, lipid
profile and parameters related to insulin. Plasma insulin was
quantified according to the manufacturer’s protocol using a
rat insulin ELISA kit. Total cholesterol (TC), triglycerides (TG),
HDL-C and LDL-C were detected by colorimetric assays. The
marker of insulin resistance was evaluated by the homeostasis
model assessment of insulin resistance (HOMA-IR).

Histopathological examinations
Pancreatic tissues were collected and fixed in 4% buffered
formaldehyde solution overnight at 4°C. The fixed tissues
were cut into small pieces and put in a labelled tissue cassette
for dehydration processing. The tissues were cleaned twice
with xylene before being embedded in paraffin. Paraffin
sections were cut into slices of 4 μm and stained with
hematoxylin-eosin (HE) staining solution. Finally, the stained
sections were observed and photographed under a light
microscope (with 200× magnification).

Western blot assay
To investigate the mechanism of how AL-1 improves insulin
resistance, we examined the effect of AL-1 on the high
glucose-induced NF-κB activation in RIN-m cells by Western
blotting. AL-1-treated and untreated RIN-m cells were scraped
and washed twice with an ice-cold PBS. The washed cell
pellets were lysed in a lysis buffer before centrifugation at
14 000× g at 4°C. The protein concentration was then meas-
ured using a BCA Protein Assay kit (Pierce Biotechnology,
Rockford, IL, USA). Equal amounts of protein (20 μg) were
boiled with loading buffer for 10 min. The protein extracts
were subjected to electrophoresis on SDS-PAGE gel and then
transferred to a nitrocellulose membrane. The membranes
were incubated with skimmed milk (5%) for 4 h at room
temperature and then with primary antibodies overnight at
4°C, followed by incubation with corresponding secondary

antibodies. The signals were developed by using an ECL
Western blot detection kit (Pierce, Rockford, IL, USA) and
visualized on X-ray film.

Statistical analysis
The experimental data are expressed as the mean ± SD. ANOVA

and least significant difference tests were used to make com-
parisons among the groups using SPSS 17.0 statistical soft-
ware (SPSS Inc., Chicago, IL, USA). Differences with P < 0.05
were considered statistically significant.

Antibodies and other reagents
The rat insulin ELISA kit was purchased from R&D Systems Inc.
(Minneapolis, MN, USA). AL-1 was synthesized in our labora-
tory. Andro and glibenclamide (Glib) were purchased from
Alfa Aesar (Ward Hill, MA, USA). Total NF-κB/p65, NF-κB/IκBα,
NF-κB/p50 and Phospho-NF-κB/IκBα, Phospho-NF-κB/p65
antibodies were purchased from Cell Signaling Technology
Inc. (Boston, MA, USA). RPMI-1640 and DMEM were pur-
chased from Gibco (Grand Island, NY, USA). All other reagents
were obtained from Sigma Chemical Co. (St. Louis, MO, USA).

Results

AL-1 improved glucose metabolism in type 2
diabetic rats
After 4 weeks of intervention, the glucose level in control rats
was maintained in a normal range throughout the experi-
ment with a slight increase of 5.95%. Meanwhile, the blood
glucose levels of diabetic rats were significantly higher than
that in the control group, indicating that STZ had a harmful
effect on pancreatic islets. However, the blood glucose was
gradually reduced in the groups, which were treated with
AL-1, Andro and glibenclamide. The blood glucose was
decreased by 13.25, 15.13 and 21.81% after treatment with
AL-1 at doses of 20, 40 and 80 mg·kg−1 (Table 1). In sharp
contrast, Andro (50 mg·kg−1), an equal molar dose of AL-1
(80 mg·kg−1), only lowered blood glucose by 18%. The results
showed that AL-1 had a significant hypoglycaemic effect.

Table 1
AL-1 improved glucose metabolism in type 2 diabetic rats

Group (mg·kg−1)

Blood glucose level (mmol·L−1)

Day 0 Day 14 Change (%) Day 28 Change (%)

Control 4.87 ± 0.43 4.92 ± 0.71 +5.75 5.16 ± 0.51 +5.95

DM 24.10 ± 4.18 23.33 ± 4.45 −3.20 22.11 ± 5.34 −8.26

AL-1 (20 mg·kg−1) 24.83 ± 3.77 22.67 ± 3.95 −8.70 21.54 ± 3.89 −13.25

AL-1 (40 mg·kg−1) 23.60 ± 3.41 21.23 ± 2,78 −10.04 20.03 ± 3.30# −15.13

AL-1 (80 mg·kg−1) 23.48 ± 3.95 16.99 ± 3.82## −27.64 18.36 ± 2.83# −21.81

Andrographolide (50 mg·kg−1) 23.83 ± 4.36 19.76 ± 4.35 −17.08 19.54 ± 4.97 −18.00

Glibenclamide (1.2 mg·kg−1) 24.06 ± 3.75 14.95 ± 3.50## −37.86 16.40 ± 2.98# −31.84

Values are expressed as means ± SD of 10 rats. #P < 0.05 and ##P < 0.01, significantly different compared with the DM group.
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AL-1 ameliorated the lipid levels in type 2
diabetic rats
Plasma TC, LDL-C and TG levels in diabetic rats were signifi-
cantly increased by 102.97, 69.81 and 101.19 compared with
that in the control rats, and plasma HDL level in diabetic rats
was decreased by 19.18%. AL-1 (80 mg·kg−1) significantly
reduced the TC, LDL-C and TG levels (27.32, 27.78 and
42.6%), and elevated the HDL-C levels (8.47%) compared
with those in the diabetic rats (Figure 1).

AL-1 promoted glycogen synthesis in type 2
diabetic rats
Under STZ stimulation, glycogen synthesis was significantly
lower than that of the control group, indicating that STZ
treatment induced insulin resistance in rats. AL-1 increased
glycogen synthesis in a dose-dependent manner. Glycogen
synthesis was enhanced by 40.91, 47.86 and 59.89% at the
doses of 20, 40 and 80 mg·kg−1 of AL-1 respectively
(Figure 2A).

Effects of AL-1 on insulin, insulin sensitivity
index (ISI) and HOMA-IR in type 2
diabetic rats
As shown in Figure 2B, the plasma insulin level in diabetic
rats was significantly increased. After 4 weeks of treatment,
AL-1 reduced insulin levels in diabetic rats. Insulin levels
were reduced by 23.31, 34.07 and 37.37% with 20, 40 and
80 mg·kg−1 of AL-1.The HOMA-IR level was significantly

reduced after treatment with AL-1 (Figure 2C). The ISI level of
diabetic rats was lower than that of control rats. However, the
ISI level was significantly increased in diabetic rats treated
with AL-1. AL-1 (20 mg·kg−1) increased the ISI level by 4.07%,
followed by AL-1 (40 mg·kg−1; 7.56%), AL-1 (80 mg·kg−1;
9.59%), Andro (50 mg·kg−1; 4.36%) and glibenclamide
(1.2 mg·kg−1; 11.77%; Figure 2D). These results showed that
AL-1 ameliorated insulin resistance in type 2 DM.

AL-1 improved pancreatic morphology in type
2 diabetic rats
Based on HE-stained tissue sections, vehicle administration
alone caused no notable changes in pancreatic histology
throughout the 4 weeks of study (Figure 3). In contrast, STZ
administration elicited severe injury of the pancreas,
decreased the number of islets cells and diminished the diam-
eter of the pancreatic islets. The islets were shrunken in dia-
betic rats compared with those in control rat. Administration
of AL-1, Andro and glibenclamide moderately enlarged the
islets and significantly reduced the scores of the injuries of
the pancreas. In light of these figures, AL-1 obviously ame-
liorated islet damage and effectively improved islet mass,
which suggests that AL-1 had a potential therapeutic effect in
type 2 diabetes.

AL-1 inhibited high glucose-induced
NF-κB activation
Numerous studies have shown that NF-κB is involved in
many inflammatory cascade events (Tantiwong et al., 2010;

Figure 1
AL-1 ameliorated lipid metabolism in type 2 diabetic rats. AL-1 decreased the levels of (A) total cholesterol, (B) triglycerides and (D) LDL-C in a
dose-dependent manner compared with those in the diabetic rats. (C) HDL-C level was slightly increased by AL-1 treatment. Values are expressed
as means ± SD of 10 rats. **P < 0.01 significantly different compared with control group. #P < 0.05 and ##P < 0.01 significantly different compared
with the DM group.
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Shao et al., 2012), so we investigated the effect of AL-1 on
NF-κB activation in RIN-m cells (Figure 4). High glucose
markedly increased the phosphorylation of IκBα and NF-κB
p65 subunits compared with those in non-stimulated RIN-m

cells. However, AL-1 effectively suppressed the phosphoryla-
tion of IκBα and p65, but had no effect on p50. These results
indicate that AL-1 inhibited NF-κB activation induced by
high glucose in RIN-m cells.

Figure 2
Effects of AL-1 on (A) glycogen synthesis, (B) insulin, (C) HOMA-IR and (D) ISI in type 2 diabetic rats. Values are expressed as means ± SD of 10
rats. **P < 0.01 significantly different compared with control group. #P < 0.05 and ##P < 0.01 significantly different compared with the DM group.

Figure 3
AL-1 improved pancreatic morphology in type 2 diabetic rats. Pancreatic tissues were collected and fixed into 4% buffered formaldehyde solution
overnight at 4°C. The tissues were cleaned twice with xylene before being embedded in paraffin. Paraffin sections were cut into slices of 4 μm and
stained with HE staining solution. Finally, the stained sections were photographed under a light microscope (with 200× magnification).
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Discussion

This study first demonstrated that AL-1 had a hypoglycaemic
effect and improved insulin resistance in the type 2 diabetic
rats. It also significantly reduced HOMA-IR and enhanced
insulin sensitivity, leading to an improvement in the mor-
phology and function of pancreatic islets. Moreover, AL-1
suppressed phosphorylation of the p65 and IκBα proteins,
suggesting that AL-1 protected the islets from high glucose-
induced oxidative damage via down-regulation of the NF-κB
signalling pathway.

High-fat diet-fed/STZ-induced type 2 diabetes rats are a
well-recognized model for the screening of antidiabetic
agents. STZ specially penetrates the β-cells via glucose trans-
porter and induces the DNA strand breakage in β-cells causing
a decrease in endogenous insulin release (Ferber et al., 2000).
Many studies have reported that a long-term high-fat diet

leads to insulin resistance and hyperinsulinaemia (Srinivasan
et al., 2005; Feng et al., 2014). Under the strain of compensa-
tory hyperinsulinaemia, β-cells were easily damaged by low
doses of STZ. In other words, the high-fat diet combined with
low doses of STZ-induced diabetic rats have the characteris-
tics of later-stage T2DM including hyperglycaemia, moderate
impairment of insulin secretion, abnormalities in lipid
metabolism, destruction of islet cells and reduced glycogen
synthesis (Whitton and Hems, 1975).

In a previous study, we investigated the antidiabetic
effects of AL-1 in type 1 diabetic mice induced with alloxan
(Zhang et al., 2009). We found that AL-1 lowered blood
glucose, prevented loss of β-cells and their dysfunction, and
stimulated the glucose transport protein subtype 4 (GLUT4)
membrane translocation in soleus muscles. In the present
study, the results also showed that the blood glucose level of
diabetic rats was significantly decreased after treatment with

Figure 4
Effects of AL-1 on protein expression of pp65 (A), pIκBα (B) and p50 (C) in high glucose treated RIN-m cells. Data are expressed as means ± SD
**P < 0.01 significantly different compared with control group. #P < 0.05 and ## P < 0.01 significantly different compared with the DM group.
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AL-1, providing direct evidence for the hypoglycaemic effect
of AL-1. We propose that there are two potential mechanisms
accounting for the hypoglycaemic action of AL-1. Firstly, it
may stimulate insulin release or regenerate β-cells. Secondly,
it may enhance the sensitivity of target tissues to insulin.
Therefore, we determined the serum insulin level and the
histology of the pancreas. Our results showed that the serum
insulin level was increased and the number and size of islets
were decreased in DM group. However, AL-1 significantly
increased the number of islets and inhibited the secretion of
insulin in the diabetic rats.

The amelioration of insulin sensitivity is an important
therapeutic approach for type 2 diabetes. HOMA-IR is a
common index of insulin resistance, derived from fasting
insulin and glucose concentrations (Matsuda and DeFronzo,
1999). In our current studies, high glucose had an adverse
effect on insulin resistance and ISI in the rat model. AL-1
significantly reduced the HOMA-IR and increased the level of
ISI. These results suggested that AL-1 could ameliorate the
insulin sensitivity of diabetic rats. In addition, T2DM patients
are often prone to suffer from dyslipidaemia (Goldberg et al.,
2005). Insulin resistance contributes to the development of
lipid accumulation in hepatocyte through impairing the
capacity of insulin to repress lipolysis. This event leads to
elevated lipid accumulation in livers. In the present study,
AL-1 significantly reduced the concentrations of TC, TG and
LDL-C, and increased HDL-C concentration. This may be due
to the indirect anti-hyperglycaemic effect of AL-1 in diabetic
rats.

NF-κB, a vital signalling pathway, regulates the expres-
sion of a large number of genes and its over-expression is
implicated in many diseases (Hu et al., 2012; Samy et al.,
2012). In unstimulated cells, The NF-κB p50/NF-κB p65
dimer is bound to IκBα. After stimulation, IKKα and IKKβ
are phosphorylated, promoting the phosphorylation of IκB.
The phosphorylated IκBα is then rapidly degraded via the
ubiquitin-proteasome pathway. The degradation of IκBα
leads to NF-κB p50/NF-κB p65 dimer phosphorylation and
translocation, resulting in the transcription of related genes
(Grilli et al., 1993; Baeuerle and Baichwal, 1997). In this
regard, we wondered whether AL-1 inhibited NF-κB activa-
tion in RIN-m cells. Using RIN-m cells, we discovered that
high glucose markedly promoted NF-κB p65 phosphoryla-
tion and AL-1 suppressed NF-κB p65 phosphorylation
induced by high glucose. To gain insight into the biochemi-
cal mechanism, we studied the effects of AL-1 on the phos-
phorylation of IκBα. Our data showed that high glucose led
to rapidly activation of the NF-κB pathway, involving IκBα
and NF-κB p65 phosphorylation. Nevertheless, the high
glucose-induced phosphorylated proteins were attenuated
by AL-1 administration. These results demonstrated that the
antidiabetic effect of AL-1 was probably mediated by inacti-
vation of NF-κB.

In conclusion, AL-1 facilitated the responsiveness to
insulin, decreased insulin resistance and blood glucose level
in rats with high-fat diet/STZ-induced diabetes. AL-1 also
ameliorated lipid metabolism, promoted glycogen synthesis
and maintained the normal structure of islet and β-cells.
Regulating the expressions of p65 and IκBα phosphorylation
to improve the pancreatic system might be the underlying
mechanisms of these effects. The results suggest that main-

taining a stable environment for β-cells might be a new
insight for the prevention and treatment of diabetes.
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